Density functional theory simulations of amorphous high-oxides on a compound semiconductor alloy: aAl2O3/InGaAs(100)-(4×2), a-HfO2/InGaAs(100)-(4×2), and a-ZrO2/InGaAs (100) First-principles study of the spin-mixing conductance in Pt/Ni81Fe19 junctions Appl. Phys. Lett. 99, 172105 (2011) Additional information on Appl. Phys. Lett.
Simultaneous step meandering and bunching instabilities controlled by Ehrlich-Schwoebel barrier and elastic interaction Through phase-field simulations, we investigate simultaneous step meandering and bunching instabilities with the presence of Ehrlich-Schwoebel barrier and elastic interaction. The meandering instability induced by the Ehrlich-Schwoebel barrier is found to be dependent on the elastic interaction at low adatom deposition rate. The ordered step meandering-bunching structure is designed by using the predefined magnitude distribution of the force monopoles on vicinal surfaces based on interplay between the Ehrlich-Schwoebel barrier and the elastic interaction. During growth, a uniform vicinal surface is known to undergo two types of primary instabilities: step meandering (SM) and step bunching (SB), which has become an important topic in nanoscience research from the fundamental thermodynamics of surfaces to the fabrication of surface nanostructures.
1,2 Taking advantage of the deterministic instabilities to monitor vicinal surfaces and using them as a template for nanostructure formation is one promising issue. One possible direction is to use templates which simultaneously undergo bunching and meandering instabilities, leading to a two dimensional pattern. The bunching-meandering morphology has been observed on the Cu vicinal surfaces. 3 However, the meandering-bunching structure with longrange order, which is required for application in nanoscience, has not been obtained yet in experiments. In order to reaching a mature level toward application, a more refined understanding of interplay between various physical ingredients that drive the meandering and bunching instabilities is needed.
The step instability may be caused by many different driving forces. For instance, the Ehrlich-Schwoebel (ES) barrier causes an asymmetric adatom incorporation rate at steps, driving in-phase step meandering (phase shift of two steps is zero). [4] [5] [6] In the case of heteroepitaxy, elasticity drives out-of-phase step meandering (phase shift of two steps is p) and step bunching. [7] [8] [9] [10] The linear stability analysis has predicted crossover from out-of-phase SM to SB on vicinal surfaces under stress but with the ES barrier absent. 9 Another linear stability analysis has predicted transformation between in-phase SM and out-of-phase SM due to competition of the ES barrier and the elastic interaction. 10 These results indicate two different instability modes could coexist due to compromise between different instability driving forces on the vicinal substrate when initial step separation (average distance between two steps) is of a critical value at the intermediate state.
In this paper, we reproduce the simultaneous instability of SM and SB with the presence of the strain and the ES barrier by using the phase-field model. We use the deposition rate as a controlling parameter for transformation between two instability modes instead of the step separation. The SM instability induced by the ES barrier vanishes at small deposition rates when the stress is absent. However, under the same condition of such small deposition rates, when the ES barrier and the stress effect both are incorporated, the ESbarrier-driven SM instability remains prominent and coexists with the stress-driven SB instability. The results indicate interplay of the ES barrier, and the elastic effect is evoked under the small deposition rates. The interplay role of the ES barrier and the elastic interaction might affect the critical value of the initial step separation of the vicinal substrate for transformation between two instability modes. Further, we design a hybrid meandering-bunching structure by using predefined magnitude distribution of the fore monopoles on the vicinal surface.
The system to be solved reads
where / is the phase-field variable, taking values of 0, 1, 2, 3,…,n corresponding to the substrate and the first, second, third,…, and the nth monolayer (ML); u is the adatom density-field variable; v i with i ¼ 1,2 represents the elastic displacement in the horizontal and vertical directions. The step energy anisotropy enters the system through Wð#Þ ¼ W 0 a s ð#Þ, where # is the angle of the step normal direction with respect to the horizon 11, 12 ; the elastic monopolemonopole interaction (EMMI) and the elastic dipole-dipole interaction (EDDI) enter through P@v i /@x i and Q@ 2 v i =@x 
13-15 the diffusion rate D equals to D 0 on the terrace but reduces to D es in the thin zone of phase-field transition at the step in order to imitate the ES effect, where
Boltzmann constant, and T is temperature. 11, 12 The displacement field is calculated using the surface elastic Green function. [13] [14] [15] Equations (1) and (2) The ES-barrier-driven SM instability occurring at F ¼ 0.5 ML/s is shown in Fig. 1(a) . The in-phase SM forms a typical surface ripple structure, which resembles the experimental morphology in MBE growth on Cu(100) vicinal surfaces. 16 As illustrated in Fig. 3(a) , the characteristic scaling for the surface roughening rate is 0.67 for the in-phase SM instability mode. When F reduces to 0.02 ML/s, the initial step fluctuation returns to the stable step-flow, as shown in Fig. 1(b) . Comparison of Figs. 1(a) and 1(b) confirms that the ES-barrier-driven SM occurs for large F but vanishes for small F when the stress is absent.
The step instability is simulated with the EMMI term incorporated for the case of the stress. For F ¼ 0.02 ML/s, the step instability first undergoes out-of-phase SM, then evolves into SB eventually, as shown in Fig. 1(c) . This result is consistent with the prediction of the linear stability analysis for crossover from undulation to SB in the case of the initial step separation of the vicinal substrate under stress below the critical value of the intermediate state. 9 As shown in Fig. 3(a) , the characteristic scaling value of the surface roughening rate is 0.33 for the SB, less than that for the ES-barrier-driven SM.
When both ES barrier and EMMI are considered in the simulation for F ¼ 0.02 ML/s, we obtain a bunching-FIG. 1. Simulated step morphologies: in-phase SM (a) and stable step-flow (b) with the presence of ES barrier for different deposition rates F; out-ofphase SM (inset of (c)) and SB (c) with the presence of EMMI; simultaneous SM and SB with the presence of ES barrier and EMMI. Inset of (a) is initial step profile that is used for all our simulations. meandering morphology, as shown in Fig. 1(d) . The characteristic scaling law of the surface roughening rate is 0.65, being very close to that for ES-barrier-driven SM instability. The results indicate that the ES barrier can drive meandering instability even for small F when the stress is present. The possible reason could be that EMMI modifies step stiffness, which decreases the F threshold for step meandering. In the previous linear stability analysis studies, competing step instabilities, such as between undulations and bunching on the vicinal surface under stress 9 and between ES barrier dominant and elastic interaction dominant instabilities in more complex cases, 10 are divided by a critical value l* of the initial step separation of the vicinal substrate. It is known that l* is a function of factors such as diffusion rate, step impermeability, step formation energy, stress magnitude, and deposition rate. The ES-barrier-driven SM instability is regarded as one kinetic instability that is supposed to vanish at low F. However, our results indicate that the ES-barrierdriven SM instability might remain prominent even for low F in the case of the stress due to interplay of ES barrier and EMMI. Our results emphasis that l* is dependent on values of F considering dependence of the ES barrier effect on the stress effect under small F, which causes enrichment of the ES-driven instability and enlargement of the undulation or ES-barrier-dominant regimes in the related parameter spaces (for example, Fig. 3 in Ref. 9 or Fig. 8(b) in Ref. 10 ). The consequence is less l* when F is small.
As discussed in Refs. 1 and 17, a strain field of preburied dislocations can change the energy distribution of overlayers, which provides possibility to assume a spatialdependent magnitude distribution of magnitude of the force monopoles. Here, we define P ¼ 1.5 in two thin zones of width 10 Dx and P ¼ 0.5 in other areas (hereafter called as high P zone and low P zone). Locally, SB is caused in the high P zones as shown in Figs. 2(a) and 2(b) . Further, the meandering instability first starts ahead of the high P zones with the stress-induced-undulation mechanism and subsequently proceeds downstairs in the low P zones with the well known Bales-Zangwill mechanism with the ES barrier, as shown in Fig. 2(b) . The stress-induced instability acts as precursor for the ES-barrier-induced instability. The ordered meandering-bunching pattern shown in Fig. 2(b) suggests that SM and SB instabilities can be assembled based on interplay of ES barrier and elastic interaction. In the additional simulations that the step energy anisotropy is incorporated so that the SM growth occurring under small F can develops the periodical arrays of the surface ripples as shown for high F in Fig. 1(a) . For such circumstance, the EMMI causes sharp increase of the surface roughness [around h ¼ 20 ML in Fig. 3(b) ], and the EDDI leads to a slower roughening rate [ Fig. 3(b) ] but companied by a decaying meandering structure. The results indicate that EMMI and EDDI are disadvantageous for ordered growth of SM. Therefore, a necessary condition for the regularity of SM in the low P zones is the elastic interaction effects are sufficiently small in such areas.
